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1. Introduction
Forest regrowth in abandoned unproductive pas-
turelands, which were previously under forest, is one
of the options considered appropriate (i) for reversing
the trends in global warming (Berger, 1990), (ii) to
regain, at least partially, the loss in biodiversity
(Berger, 1990), and (iii) for environmental sustainabil-
ity (Keenan et al., 1998; Berger, 1990). Throughout the
tropics, and more specifically in the Northeast Queens-
land (NEQ) wet tropical region of Australia, extensive
forested ecosystems have been deforested for sugar-
cane, banana, and pasture, both for dairy and beef
cattle production (Tucker, 2000; Tucker and Murphy,
1997; Aide et al., 1995; Crome and Bentrupper-
baumer, 1993; Hecht, 1993). In the NEQ wet tropics
the clearing of woody vegetation for pasture, intensive
cropping, and urban development is still continuing
(Brodie, 2003; Productive Commission Report, 2003).
For example, in the Herbert catchment of the NEQ wet
tropics the rate of clearing was 18.5 km2/year, for
pasture and cropping, between 1991 and 1995 com-
pared to 0.33 km2/year for urban development. During
the same period, the new regrowth rate was only 0.54
km2/year. It seems much faster regrowth is required for
general ecosystem sustainability.
Approximately 52% of the land in the NEQ wet
tropics is under pasture (Brodie, 2003; Productive
Commission Report, 2003). However, due to chang-
ing economic considerations or invasion by unpalat-
able grasses and/or soil degradation due to loss in
fertility, increases in acidity, salinity, Al-toxicity, and/
or erosion from steep slopes, some of the pasturelands
have been abandoned in the NEQ wet tropics and
elsewhere (Aide et al., 1995; Goosem and Tucker,
1995; Uhl et al., 1988; Brown and Lugo, 1990). The
anticipation during abandonment was that this aban-
doned pastureland may become secondary forests
over time and this may help in restoring, at least
partially, the biodiversity lost after deforestation and
to sustain the general ecosystem health (Brown and
Lugo, 1990; Buschbacher, 1986; Buschbacher et al.,
1984).
Though reliable information on abandonment is
not available, the regrowth rate (0.54 km2/year) sug-
gests this rate is very slow compared to clearing (18.5
km2/year) and the reason(s) for slow regrowth is not
well known. In this regard an understanding of thefactors that control regrowth after abandonment is
essential to accelerate regrowth (Aide and Cavelier,
1994; Uhl, 1987; Uhl et al., 1988). Several factors
may be controlling regrowth simultaneously, but it is
difficult, if not impossible, to investigate the integrat-
ed impact of all these variables. Because soil is the
medium on which primary or secondary forest seed
germinate, survive and establish stand, an understand-
ing of the changes in soil properties before clearing,
under grazed pasture, and under long-term abandoned
pasture, may help in guiding forest regrowth or
reforestation. However, such information in general,
and in particular for the NEQ wet tropics, is scarce
(Johnston, 1992; Reiners et al., 1994).
The changes that occurred elsewhere after defor-
estation and subsequent cropping are decreases in
plant available nutrients (Lu et al., 2002; Keenan et
al., 1998; Webb et al., 1997; Sparling et al., 1994;
Maggs and Hewett, 1990, 1993), decreases in micro-
bial activity (Kiese et al., 2002; Sahani and Behera,
2001;Sparling et al., 1994; Maggs and Hewett, 1990),
increases in bulk density, soil erosion, and runoff
(Rasiah and Kay, 1995; Jusoff, 1989), and decreases
in porosity, infiltration and water-holding capacity (Lu
et al., 2002; Sahani and Behera, 2001; Reiners et al.,
1994; Sparling et al., 1994). The aforementioned
studies indicate that deforestation and the subsequent
land use for crop production, including pasture, in
general led to the deterioration in soil chemical,
physical, and biological properties. However, when
some of these degraded soil were brought under well-
managed pasture, significant improvements in degrad-
ed properties occurred after the introduction of pasture
(Rasiah and Kay, 1994a,b, 1995; Baldock and Kay,
1987; Tisadall and Oades, 1980). It is, however, not
known whether similar improvements would occur
under abandoned pasture, which was not managed
properly even before abandonment. Such information
is required for several reasons. First, if natural forest
regrowth is poor after abandonment for substantially
long period of time, then the information on soil
properties may help, at least partially, to identify the
factor(s) controlling regrowth or reestablishment. Sec-
ond, this information may be useful to assess the
resiliency of soils in different tropical environment to
recover from man induced changes and finally to
determine the time required for substantial recovery
to occur. The latter information is crucial if monetary
benefits are considered for abandonment and subse-
quent reforestation. Thus, the objective of this study
was to assess the impact of deforestation on selected
soil physico-chemical properties from (i) an aban-
doned pastureland and (ii) a recently planted rainforest
(PRF), planted in the abandoned pastureland.2. Materials and methods
2.1. Study site
The study site is located in the Yungaburra rain-
forest area of the NEQ wet tropics, Australia (17 15V
19WS, 145 30V 59WE). More specifically, the experi-
mental plot is at the Centre for Rainforest Studies
(CRS), School for Field Studies of USA, property,
which is approximately 65 ha. The elevation is
approximately 780 m above sea level, the climate is
typical tropical with an average annual rainfall of
1700 mm, most of it received during December to
May. The experimental plot is located on the North
West boundary of the CRS abandoned pastureland.
The plot site was clear-felled for beef cattle grazing
approximately 70 years ago and was not fertilized
during the 30-year grazing period after deforestation.
Before the clearing, this site was dominated by
complex mesophyll-type forest trees (Tracey, 1982).
During the 40-year abandonment, however, natural
forest regrowth of mesophyll type forest tress (Tracey,
1982) did not occur until 2002. The site is now
invaded by a number of grass weeds species, partic-
ularly Imperata cylindrica, Melinis minutiflora, and
Panicum maximum.
2.2. Experimental design and forest species used
The experimental site was divided into 10 plots of
equal size of 17 11 m. In field experiments involving
forest species, large plots are required for obvious
space requirement by forest species. This imposed a
limitation on the number of replications; therefore, only
two replications were feasible in a completely rando-
mised block design experiment. In each plot, exclusive
of the control, 63 tropical rainforest seedlings were
planted in 1992. In Treatment 1 Omalanthus novo-
guineensis and in Treatment 2, 23 O. novo-guineensis
and 8 primary promoter species (5 from each ofElaeocarpus angustifolius, Cryptocarya triplinervis,
Eurochinus falcata, Guioa acutifolia, Terminalia ser-
icocarpa, Pilidiostigma tropicum, Castanospermum
alphandii, Acronychia acidula species) were planted.
In Treatment 3, O. novo-guineensis was replaced by
equal number of Alphitonia petriei and other 8 primary
promoter species equal to that in 2A and 2B. In
Treatment 4, we combined 7 middle phase canopy
species (3 from each of Agathis robusta, Flindersia
bourjotiana, Cardwellia sublimis, Flindersia pimen-
teliana, Brachychiton acerifolius, Melicope elleryana
and Symplocos cochinchinensis), 10 primary promoter
species (2 from each of O. novo-guineensis, E. angus-
tifolius, C. triplinervis, E. falcata, G. acutifolia, T.
sericocarpa, P. tropicum, C. alphandii, A. acidula,
and A. petriei) and 7 mature phase canopy species (3
from each of Cinnamomum laubatii, Argyrodendron
peralatum, Prunus turnerana, Cryptocarya hypospo-
dia, Syzygium papyraceum, Syzygium wesa, and Toona
ciliata). The treatments (1 to 4) containing native
tropical rainforest species will hereafter will be referred
to as planted rainforest (PRF). Treatment 5 is the
abandoned pasture (control), where there was substan-
tial invaded weed species. Thirty grams of a commer-
cial fertilizer containing N and P of unknown
proportion and forms was mixed into the soil before
the seedlings were planted.
From the East and West borders of the plot the land
is sloping at 10–12% toward creeks, which are
c 300–400 m away from the E and W borders. From
N to S the experimental site is sloping at c 10–12%
and the Southern border is c 300 m away from
another creek. In brief, the experimental plot was on
a ridge sloping towards the creek. In this study, we use
the nearby native rainforest as the background against
which we assess the changes in soil properties under
the abandoned pasture and PRF treatments.
In the absence of rainforest in the vicinity of
abandoned pasture site, we selected the closest possi-
ble rainforest, which was c 500 m away from the
eastern border of the plot. The rainforest faces the plot
from the other side of creek, which was c 300 m
away from the eastern border of the plot. The rain-
forest is on a ridge with similar topography and
morphology as the experimental plot. The soil in the
plots and the rainforest belongs to the same Ferrosol
soil order (Isbell, 1994; Gillman and Abel, 1987;
Gillman and Sinclair, 1987; Murtha, 1986). This soil
is red to brown, acidic, well structured clay formed on
basalt, with deep profiles ranging from 1 to >10 m.
The clay content is relatively high (62% to 68%), and
the silt and organic matter contents range from 21% to
16% and 2.0% to 0.6%, respectively. Thus, with the
aforementioned similarities between the rainforest and
the plot site, we propose to use the paired t-test for
comparison of soil properties between the two sites.
2.3. Soil properties
In this paper, we present the data relating to
selected properties of the soil that were collected in
July 2001 from the PRF, c 10 years old, the aban-
doned pasture plot c 40 years old, and from the
undisturbed rainforest.
Three random soil cores, using a 5-cm diameter
corer, were taken up to 15-cm depth in July 2001,
from each plot for nitrate-N, ammonium-N, total N,
electrical conductivity, pH (in water and calcium
chloride), exchangeable Ca, Mg, Na, K, and Al, total
organic C, and labile-C determination. Another six
cores from each plot were taken along the diagonals,
three from each diagonal, of each plot for dry bulk
density determination (core volume = 209.35 ml). Soil
samples from the nearby rainforest were taken along
the N-to-S line from three locations that were 50 m
apart. The N-to-S line was approximately parallel to
plot length. Three cores were taken from each location
for soil property analysis and three cores for bulk
density determination.
2.4. Procedures used
Soil sample from each plot was air-dried and sub-
samples ( < 2 mm) from each core of each plot was
analyzed, for each one of the soil property mentioned
elsewhere, in the laboratory. Ammonium-N and ni-
trate-N determinations were conducted using Lachat
Flow analyzer method (Searle, 1984). Total N, total
soil organic C (SOC), labile-C, pH (in H2O and
CaCl2), electrical conductivity, and exchangeable K,
Na, Ca, Mg, and Al determinations were carried out
following the procedures described by Rayment and
Higgins (1992). Labile-C concentration was deter-
mined at two dilutions, 33.3 and 333 mmol, of
potassium permanganate (Blair et al., 1995). The
fraction determined at low dilution is referred to aslabile-C1 and other labile-C2. Dry bulk density, using
the oven-dry method, was determined for each one of
the cores taken from each plot and from each location
under the rainforest.3. Statistical analysis
The data were subjected to Waller–Duncan multi-
ple range test for mean separation among treatments
(5) for a given property and the paired t-test between
rainforest and a given treatment for a given soil
property. Simple correlation and stepwise multivari-
able regression were performed on the data pooled
across treatments and rainforest. The SAS (1991)
software package was used for all the statistical
analyzes.4. Results and discussion
4.1. Nitrogen
Under the abandoned pasture and PRF, nitrate-N
content ranged from 3.0 to 7.0 mg/kg compared with
5.0 to 11.0 mg/kg in the undisturbed rainforest (Table
1). The nitrate-N mean separation analysis indicated
no significant difference among the PRF and the mean
nitrate-N was 3.50 mg/kg, which is significantly less
than that in the abandoned pasture, 5.5 mg/kg (Table
2). The paired t-test indicated the nitrate-N under
rainforest is significantly higher, approximately two
to three times, under abandoned pasture or PRF.
Ammonium-N content showed trends similar to ni-
trate-N (Tables 1 and 2). It was highest in the rain-
forest, 8.6 mg/kg, followed by 5.0 mg/kg in the
abandoned pasture and 3.0 to 4.0 mg/kg in PRF
(Table 2). No significant differences existed among
PRF for total N and it was significantly higher in
rainforest and the abandoned pasture. Exclusive of the
total N, the other forms of N under rainforest were
higher than the abandoned pasture or PRF.
Because N is a key plant elemental nutrient, it
deserves special attention in our discussion. Nitrate-
and ammonium-N are the readily and easily available
forms of N in soil for root uptake. Ammonium-N can
be adsorbed at cation exchange sites, which increases
with increasing soil organic C. Thus, higher ammo-
Table 1
Ranges in values of the selected soil properties
Soil property Treatments Rainforest
Treatment 1 Treatment 2 Treatment 3 Treatment 4 Treatment 5
Nitrate-N (mg/kg) 3.0–4.0 3.0–4.0 3.0–4.0 3.0–4.0 4.0–7.0 5.0–11.0
Ammonium-N (mg/kg) 3.0–5.0 4.0–4.0 3.0–3.0 4.0–4.0 5.0–5.0 7.0–11.0
Total N (g/100 g) 0.13–0.16 0.15–0.16 0.10–0.18 0.09–0.16 0.18–0.21 0.13–0.26
Electrical conductivity (dS/m) 0.024–0.029 0.027–0.029 0.028–0.029 0.031–0.033 0.032–0.046 0.044–0.081
pH (in H2O) 5.5–5.6 5.4–5.5 5.2–5.4 5.2–5.2 5.4–5.7 4.9–6.0
pH (in CaCl2) 4.7–4.7 4.6–4.7 4.4–4.7 4.5–4.5 4.7–4.9 4.3–5.5
Calcium (c molc/kg) 1.55–1.64 1.53–1.98 1.48–1.69 0.89–1.20 1.47–2.79 0.70–3.82
Magnesium (c molc/kg) 0.70–0.80 0.71–0.93 0.97–1.03 0.54–0.65 0.94–1.41 0.61–1.44
Sodium (c molc/kg) 0.05–0.10 0.10 0.03 0.03–0.05 0.03–0.05 0.03–0.13
Potassium (c molc/kg) 0.20–0.30 0.25–0.26 0.24–0.29 0.15–0.23 0.28–0.45 0.19–0.31
Aluminum (c molc/kg) 41.60–58.19 40.67–47.65 60.53–96.45 73.33–86.92 27.85–56.92 1.99–15.04
Total organic (g/100 g) 2.18–4.00 2.69–2.89 2.39–2.82 1.84–2.75 3.24–4.27 4.82–9.02
Labile C1 (mg/g) 4.9–5.3 4.8–4.9 4.8–4.8 4.5–4.9 5.3–5.3 5.9–6.7
Labile C2 (mg/g) 3.8–6.0 2.9–4.2 3.1–3.1 2.2–3.1 4.3–5.6 11.4–16.7
Bulk density (Mg/m3) 0.94–1.07 0.85–1.25 0.84–1.21 0.93–1.23 0.94–1.21 0.67–1.14
Total porosity 0.65–0.60 0.68–0.53 0.68–0.54 0.65–0.53 0.65–0.54 0.75–0.57nium-N indirectly reflects higher total organic C,
which is consistent with our results (Table 2). The
results in general indicate that even after c 40 years
under abandonment pasture, the accumulation of
nitrate- and ammonium-N is not comparable to under
rainforest. Significantly low total N under PRF com-
pared with the abandoned pasture suggests that young
planted rainforest was probably utilizing the stored NTable 2
Mean values of the selected soil properties and their statistical significanc
Soil property Treatments
TRT 1 TRT 2
Nitrate-N (mg/kg) 3.50c 3.50c
Ammonium-N (mg/kg) 4.00b 4.00b
Total N (mg/kg) 1450b 1550b
Electrical conductivity (dS/m) 0.026c 0.028c
pH (in H2O) 5.55b 5.45b
pH (in CaCl2) 4.70b 4.65b
Calcium (c molc/kg) 1.23c 1.76c
Magnesium (c molc/kg) 0.75c 0.82c
Sodium (c molc/kg) 0.090a 0.065b
Potassium (c molc/kg) 0.25a 0.25a
Sum of Ca, Mg, Na, K (c molc/kg) 2.32b 2.90b
Aluminum (c molc/kg) 49.89b 44.16b
Total organic C (mg/kg) 30,900c 27,900c
Labile C1 (mg/kg) 5090b 4850b
Labile C2 (mg/kg) 4900b 3520b
Bulk density (Mg/m3) 1.00b 1.09band/or the inherent difference between the systems
before vegetation manipulation.
In general, grassland soils are characterised by
higher nitrate-N than ammonium-N and an opposite
trend is anticipated in forest soils due to high total
organic C as seen in Table 2. Though both nitrate- and
ammonium-N were substantially higher in forest soils
than in the treatments, including the abandoned pas-e
Rainforest
TRT 3 TRT 4 TRT 5
3.50c 3.50c 5.50b 8.67a
3.00c 4.00b 5.00b 8.61a
1400b 1250b 1970a 1890a
0.028c 0.032c 0.039b 0.053a
5.35b 5.20b 5.55b 5.62a
4.55b 4.50b 4.80b 5.03a
1.55c 1.50c 2.13b 2.51a
1.02b 0.60c 1.18b 1.12b
0.025c 0.040c 0.040c 0.052c
0.26a 0.19b 0.36a 0.23b
2.86b 2.33b 3.71a 3.91a
78.49a 80.15a 42.38b 8.51c
26,000c 23,000c 37,600b 74,800a
4820b 4720b 5290b 6340a
3060b 2650b 4950b 14,380a
1.07b 1.11c 1.09b 0.93a
ture, no apparent difference existed between these two
forms of N either under the rainforest or abandoned
pasture or PRF. The nitrate- plus ammonium-N in the
forest soil is 17.28 mg/kg compared to 5.3 mg/kg
under the abandoned pasture and 3.6 mg/kg in PRF.
There are at least two important aspects that deserve
attention here. First, that even after c 40 years of non-
grazing in the abandoned pasture, the pool of the easily
available N forms has not approached magnitudes
comparable to the rainforest. Second, the low levels
of easily available N forms under PRF suggests the
young forest species may be utilizing the N reserves. In
the absence of easily available N data at the time of
planting, it is difficult to claim whether the young trees
were feeding on the N reserve. The most important
issue, however, is whether the quantity of the readily
available N forms present at the time of pasture
abandonment, c 40 years ago, was a limiting factor
in natural reforestation cannot be resolved from this
data. However, successful reforestation (PRF) using
N-fertilizer and still no natural reforestation in aban-
doned pasture suggests the easily available N might
have been a limiting factor in natural reforestation.
It could be argued that the nitrate- and ammonium-
N in soil could vary temporally and spatially and the
differences observed in our study from one sampling
may be misleading. However, Reiners et al. (1994)
indicated that in tropical environments similar to ours
the temporal changes were not significant, though
spatial variability could be a factor. Thus, based on
Reiners et al. (1994) finding we suggest the data
reflect the impact of pasture abandonment and PRF
on N in general and in particular the easily available
forms of the N.
4.2. Soil organic C
In general, the total organic C (SOC) and the labile
forms (C1 and C2) are higher in the rainforest than
abandoned pasture or PRF (Table 1). The paired t-test
indicated significant difference between rainforest and
each one of the other treatments for the three forms of
C (Table 2). The mean separation analysis indicated
no significant differences existed among PRF treat-
ments, but significant difference between the aban-
doned pasture and PRF. The average SOC under
abandoned pasture was 37,600 mg/kg compared with
26,950 mg/kg under PRF and 74,800 mg/kg in rain-forest. Unfortunately, the SOC data at the time of
pasture abandonment are not available. However,
higher SOC under abandoned pasture than PRF sug-
gests higher SOC mineralization under PRF than
under pasture and/or low leaf litter addition under
PRF (Blair et al., 1995).
The SOC acts as an exchange surface for cations
and direct source of N, P, and S through microbial C
and N-immobilization/mineralization reactions
(Rasiah, 1999; Rasiah and Kay, 1999). These reac-
tions primarily involve the easily and readily available
forms of C and N. The labile-C1-pool is significantly
higher under rainforest, 6340 mg/kg, than in the other
treatments, 4950 mg/kg. Though the SOC and labile-
C1 under rainforest are much higher than PRF or the
abandoned pasture, the proportion of labile-C1 in the
latter is almost twice (15%) as that in rainforest (8%).
This suggests the microbial activity was probably
higher under PRF and pasture than in rainforest (Blair
et al., 1995).
The size of the labile-C2 pool is much larger,
14380 mg/kg, under rainforest than the treatments,
3800 mg/kg (Table 2). The labile-C2 as a fraction of
SOC under rainforest is 0.19 compared with 0.12 in
the PRF and this trend is just the opposite of that
found for labile-C1. The labile-C2 is relatively less
readily available for microbes than the C1-pool (Blair
et al., 1995). The differences in the proportion of
labile-C1 and C2 in relation to SOC may be suggest-
ing the differences in the nature and transformations
of C under different vegetation.
The interrelation involving SOC, labile-C1 and C2
are shown in Fig. 1 to illustrate relative differences and
the linear associations (Table 3). The SOC increased
with increasing labile-C1 and C2 and labile-C2 in-
creased with increasing C1 (Table 3). As mentioned
elsewhere in the text, these positive associations pro-
vide evidence for the claim that labile-C1 and C2
transform to produce SOC and labile-C1 to C2. Both
nitrate- and ammonium-N increased with increasing
SOC, and nitrate with increasing ammonium (Table 3).
The former association suggests increases in nitrate
and ammonium-N immobilization with increasing
SOC (Blair et al., 1995).
With relatively high rainfall, 1700 mm/year, and
small differences in summer and winter temperatures,
the potential for high SOC mineralization to occur
under the abandoned pasture system, which returns
Fig. 1. The relationship among soil organic C, labile-C1, labile-C2, nitrate-N, and ammonium-N.relatively small quantities of litter to soil, is high. This
suggests that C-sequestration in this soil could be
slow and the resiliency of the system to return to
secondary forest may also be slow (Blair et al., 1995;
Berger, 1990).
4.3. Soil pH
Soil pH measured, both in water and CaCl2, in
general was significantly higher under rainforest than
the abandoned pasture or the PRF (Tables 1 and 2).
Though the soil was inherently acidic, under rain-
forest, further acidification of this soil may lead to
serious environmental problems including solubiliza-
tion and leaching of aluminum minerals into water-Table 3
Correlation matrix for the selected soil properties
Ammonium-N Total
N
SOC Labile
C1
Lab
C2
Nitrate-N + 0.98 + 0.93 + 0.99 + 0.98 + 0.
Ammonium-N + 0.89 + 0.97 + 0.97 + 0.
Total N + 0.92 + 0.93 + 0.
SOC + 0.99 + 0.
Labile C1 + 0.
Labile C2
Bulk density
Aluminum
Electrical conductivity
PH
ns refers to nonsignificant correlation at P < 0.05.ways and the natural ecosystem. Increases in soil
acidity under cropping, particularly under pasture, is
a serious problem that has been associated to
decreases in agricultural productivity in this soil type
(Moody and Aitken, 1997; Noble et al., 1997; Bolan
et al., 1991). It seems that even c 40 years under
abandoned pasture or c 10 years under planted forest
system was not sufficient to, at least, partially ame-
liorate the soil acidity induced by deforestation.
Increases in soil acidity under cultivation, after
deforestation, and particularly under pasture is a
common phenomenon (Bolan et al., 1991; Moody
and Aitken, 1997; Noble et al., 1997). However, the
increases in acidity, compared to rainforest, under
abandoned pasture in our study is in contrast to whatile Bulk
density
Aluminum Electrical
conductivity
pH
(CaCl2)
Exchangeable
bases
97 ns  0.84 + 0.97 + 0.96 + 0.96
97 ns  0.87 + 0.90 + 0.96 + 0.92
87 ns  0.90 + 0.90 + 0.95 + 0.96
99  0.84  0.87 + 0.92 + 0.98 + 0.97
99  0.85  0.89 + 0.91 + 0.99 + 0.97
 0.88  0.87 + 0.89 + 0.97 + 0.95
ns ns  0.83 ns
ns  0.94  0.88
+ 0.89 + 0.90
+ 0.97
Reiners et al. (1994) reported for the conversion of
tropical forest to pasture and subsequent abandonment
in the Atlantic Zone of Costa Rica. We are unable to
provide any reason for this discrepancy.
The sum of base-exchange cations (Ca, Mg, K, and
Na) or that of the individual cation, exclusive of K,
under rainforest, in general, was higher than PRF or
the abandonment pasture (Tables 1 and 2). Higher
acidity under deforested systems might have favoured
solubilization and removal of cations in leaching
water. Higher electrical conductivity under rainforest,
compared to the other systems, reconfirms larger ion
activity, including cations, under rainforest. The pos-
itive correlation that exists between EC and pH pro-
vide evidence for the aforementioned claim (Table 3).
The PRF spanning only c 10 years seems to have
little impact in ameliorating deforestation-induced loss
in base-exchange cation-associated chemical fertility.
In general, the exchangeable Al under rainforest is
less, by an order of magnitude, than the deforested
systems (Tables 1 and 2). The Al extraction proce-
dure, oxalic acid/ammonium oxalate, used brought in
Al into solution phase that was (i) already in soil
solution, (ii) adsorbed at the mineral cation exchange
site, and (iii) adsorbed in soil organic matter (Rayment
and Higgins, 1992). Significant negative correlations
between Al and the different forms of C, including
SOC, suggest that large C-pools in soil reduced the
amounts of Al in solution phase (Table 3). Thus,Fig. 2. The relationship between aluminum and phigher Al, than rainforest, in the abandoned pasture
and PRF was at least partially due to low levels of the
different forms of soil C. Higher Al under abandoned
pasture and PRF could also be attributed to higher
acidity and this was supported by the strong negative
correlation between Al and pH (Table 3). Similar
results have been reported by other workers (Adams
et al., 2001; Chen et al., 2001). Furthermore, in the
absence of any amendment input to neutralize soil
acidity, the acidity that developed under grazed pas-
ture for c 30 years or in the abandoned pasture,
c 40 years, was probably not neutralized. On the
other hand, the foliage turnover under rainforest
ecosystem was continuously adding exchangeable
cations and the possible retention of these cations
under high SOC might have created conditions
favourable to neutralize acidity in this system. Higher
exchangeable cations under rainforest than the defor-
ested systems and the positive correlation that existed
between cations and pH lend support to our claim.
The interrelations involving exchangeable Al, soil
pH, exchangeable cations (EXC), labile-C2 are shown
in Fig. 2. Though the interaction involving Al, pH,
SOC, and EXC is complex, we tried to explore the
relative importance of pH in water (pHw), pH in
calcium chloride (pHCa), SOC, labile-C1 (C1) and
labile-C2 (C2) on Al using the stepwise regression
procedure. This analysis was conducted to better
understand the mechanisms involved in Al in soilHCaCl2 or exchangeable cations or labile-C2.
solution. Further, Al toxicity is an important issue in
this region, and cropping induced acidity, which
increase Al in soil solution, is a reality in this region.
In this regard, first we explored Al as function of
SOC, C1, C2, pHw, pHCa, and EXC, and the analysis
produced the following equation,
Al ¼ 683:7 pHCa ðR2 ¼ 0:81; P < 0001Þ ð1Þ
There are at least two important aspects that emerge
from Eq. (1). First, the overriding influence of soil
acidity on soil solution Al. Second, the pH determined
in CaCl2 is the most appropriate pH index to quantify
the impact on soil solution Al. Because pH had
overriding influence on Al, the impact of the other
variables was rejected by the stepwise selection pro-
cedure. Thus, we dropped pH in our second analysis
and explored Al as a function of SOC, EXC, C1 and
C2, and the analysis produced the following equation,
Al ¼ 108:6 12:98C2 ðR2 ¼ 0:56; P < 0:01Þ
ð2Þ
Eq. (2) indicates that Al in soil solution is controlled
by labile-C2 or was immobilized in labile-C2. To
explore the cumulative effect of different forms of
C, we explored Al as a function of SOC, C1, and C2
and EXC, and the analysis produced the following
equation,
Alþ 145:3 7:4ðSOCþ C1þ C2Þ
ðR2 ¼ 0:56; P < 0:02Þ ð3Þ
A comparison of the R2 values for Eqs. (1) and (2)
indicates that there is no advantage gained by includ-
ing SOC and C1 in explaining Al immobilization in
soil. The role played by EXC in the absence of pHCa
and C2 was explored by regressing Al as a function of
EXC, SOC, and C1, and the analysis produced the
following equation,
Al ¼ 116:8 21:0EXC ðR2 ¼ 0:71; P < 0:001Þ
ð4Þ
Eq. (4) indicates EXC played a larger role, higher R2,
than C2 in reducing potential Al toxicity. This is
anticipated by acidity neutralizing effect through base
exchange cations. In the deforested ecosystem under
abandoned pasture with little or no external cationinput, we believe C2 played a major role in reducing
Al toxicity in such systems.
4.4. Bulk density and porosity
The bulk density (BD) under rainforest ranged from
0.67 to 1.14Mg/m3 compared with 0.85 to 1.21Mg/m3
in the treatments (Table 1). The average BD under
rainforest, 0.93 Mg/m3, was significantly less than the
deforested treatments, 1.00 to 1.11 Mg/m3. Exclusive
of in one treatment, TRT4, the BDs in the other four
treatments were not significantly different from each
other. The average total porosity (TP) under rainforest
was 0.65 m3/m3 compared with 0.59 m3/m3 for the
abandoned pasture. Higher BD and lower TP under
deforested systems are not very uncommon (Reiners et
al., 1994). Conversion from forest to pasture, particu-
larly under cattle, decreases the TP, mostly at the
expense of larger pores and the pore continuity, through
cattle trampling and other physical/mechanical
stresses. With decreases in larger pores, habitable pores
of soil mixing arthropod and small animal community
would decrease, consequently, their population. The
decline in population in this group of soil organisms
may further reduce the formation of larger pores (Keller
et al., 1993). Reduction in porosity, pore continuity, and
pore closure at the surface through trampling could
have serious impact on infiltration and percolation.
Reductions in infiltration and percolation will favour
increases in surface runoff, erosion, and ultimately
serious land degradation. Decreases in TP may create
conditions favourable for anaerobiosis and reduction in
diffusivity, and consequently the production of gases
such as NO, N2O, and CH4 (Keller et al., 1993). Thus,
the impact of deforestation and subsequent pasture
production on BD may lead to significant multiple
effects on several soil physical, chemical, and biolog-
ical processes. Even after c 40 years of pasture
abandonment, the deforested soil seems to have not
recovered from deforestation-induced increases in BD.
This suggests the resiliency of this soil to regain its
physical potential is low.5. Conclusions
Though the land has been under abandoned pasture
for a relatively long period (c 40 years), insufficient
improvements, compared to the rainforest, in nitrate-
N, ammonium-N, total N, total soil organic C, labile-
C, electrical conductivity, exchangeable cations, ex-
changeable Al (high), pH (i.e. more acidic), bulk
density (high), and porosity (low) have occurred
during this time frame. This implies the resiliency of
this soil in the particular tropical environment to
recover from deforestation induced land degradation
is low. Because the planted rainforest was in place
only for c 10 years, the recovery from degradation
was not expected to be significant. The inability of the
soil to recover substantially under relatively long
period of abandoned pasture indicates that extreme
care should be taken in the management of the
deforested lands in similar tropical environments.
Very high concentration of exchangeable Al, 10-fold
compared to the rainforest, even after c 40 years
under abandoned pasture indicates the ability of the
system to immobilize Al in insoluble forms is very
poor. Because Al-induced acidity and/or toxicity is an
environmental and production issue in this region,
particular attention should be directed to exchange-
able Al dynamics in soil subsequent to deforestation.
In general, the results from this study indicate the time
frame as long as c 40 years under abandoned pasture
was not sufficient to rehabilitate, at least mid-way
between rainforest and cultivated degraded soils in
tropical environment similar to the study area.Acknowledgements
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